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ABSTRACT
Microbial-Mediated Removal of Acrylamide 
from Canal Systems
by
Stephanie Kay Labahn
Dr. Eduardo Robleto, Committee Chair 
Professor of Biology 
University of Nevada, Las Vegas
Dr. Duane Moser, Committee Co-Chair 
Professor of Microbiology, Division of Earth and Ecosystems Sciences 
Desert Research Institute
Acrylamide (AMD), a neurotoxin and suspected carcinogen, is present up to 0.05% in linear 
anionic polyacrylamide (PAM) which is being evaluated as a canal sealant across the western 
United States. The capacity of canal microorganisms to facilitate AMD degradation was examined 
to constrain risks of PAM applications. AMD degradation under simulated groundwater flow was 
determined with soil column tests (repacked and soil cores) and spiked bottle tests verified 
microbial degradation under in situ and ex situ conditions. Results of the repacked columns 
indicate AMD degradation in the presence of competing substrates with half-lives ranging from 0.9 
to 3.12 hours. Soil core column tests, with AMD half-lives of -34.1 hours and removal of spiked 
AMD (up to 5 ppm) within 12 days confirmed ability of AMD degradation by natural populations of 
microorganisms. Phylogenetic analysis of an AMD-degrading isolate collection concluded close 
sequence similarity to characterized, common bacteria belonging to several phyla.
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CHAPTER 1 
INTRODUCTION
Since 1902, the United States Bureau of Reclamation (USBR) has been constructing and 
managing waterways and irrigation distribution across the 17 western states including rivers, 
reservoirs, dams and canals (79, 99). The water delivery canal system is over 20,000 miles and 
supplies water to 10 million acres of farmland that provide 60% of the nations fruits and 
vegetables (99). As it is estimated that up to half of the water entering an earthen canal can be 
lost to seepage and more than half of the USBR canal system is unlined (14), the current 
situation represents an increasingly serious inefficiency in management of a critical resource.
An obvious solution to the problem of water loss is the installation of canal linings.
USBR has a policy to install the optimum lining specific to a canal (79) based on a combination of 
factors. Whereas concrete linings are probably the best available, they are expensive to build 
and maintain, and eventually lose effectiveness against water loss due to cracking (79). 
Alternative linings including buried plastic and packed earth can be damaged by cattle entering a 
canal or during debris clearing (79). Recognizing that no perfect mechanical canal lining system 
currently exists, the application of chemical polymers such as polyacrylamide (PAM) may 
represent a viable alternative for water conservation efforts. The USBR is evaluating the safety 
and efficacy of PAM-based canal sealers by individual irrigation canal companies as a cost- 
effective, temporary sealant.
The PAM formulation used in canal applications, as well as in this study, is a linear, anionic 
polymer from Precision Polymer (Greeley, CO) comprised of 82 mol% acrylamide (AMD) and 18 
mol% acrylate subunits (57) and may contain up to 0.05% residual AMD monomer (11). PAM 
applications of 10 lbs/canal acre have resulted in greater than 90% reduction in seepage in full- 
scale field studies (87). Canal bed sealing is caused by flocculation of PAM mediated by cation 
bridging between the anionic polymer and negatively-charged soil particles (28). Visible loss of 
canal water turbidity indicates that the PAM has settled to the bottom and (by inference) has 
sealed the canal bed, reducing the seepage.
Published data supports that PAM is nontoxic at concentrations far in excess of those 
recommended for canal sealing (9,61). The residual AMD monomer, however, is a neurotoxin 
and potential carcinogen (81) with a drinking water limit of 0.5 ppb set by the US Environmental 
Protection Agency (98). In canal water, AMD been analyzed concurrently with PAM applications 
dispensed at recommended concentrations and the highest AMD concentration detected has 
been 0.6 ppb (100).
Fate and transport of both PAM and AMD are of interest for reasons of efficacy of the 
polymer and to constrain toxicological risks of the monomer. To determine the ecological effects 
as well as the fate of the polymer through biotic and abiotic mechanisms, the USBR is funding a 
multi-disciplinary study conducted by the Desert Research Institute, University of Nevada Reno 
and several subcontractors. Laboratory studies investigated sealing mechanisms, impact on 
water quality, seepage reduction efficacy, and the fate of PAM when applied to a water delivery 
canal for the purpose of partial sealing (30,87,101 ). The main contribution of this thesis project 
is to establish a baseline understanding of microbially-mediated AMD degradation as a factor in 
determining risk assessment. The findings here will supplement research conducted by
collaborators to determine the overall risk and efficacy of PAM applications prior to its 
widespread application to US canal networks and inform PAM-application protocol development.
Natural microbial populations are capable of utilizing AMD as a nutrient source resulting in 
subsequent degradation of the compound (48,49,70,71,80, 92) via an inducible amidase (48- 
50). Published data primarily describes degradation of these molecules in a laboratory setting 
and has not addressed whether AMD or PAM will persist in a canal environment with natural 
microbial populations and competing substrates. This study provides an understanding of AMD 
biodégradation specific to a canal system to assist in the overall assessment of toxicological risk 
of applied PAM preparations by conducting experiments in both laboratory and in situ conditions.
PAM has been applied intermittently to various canals throughout the west, and canals with 
history of PAM applications were selected for obtaining samples for this project. Water and soil 
samples were collected from canals in the Klamath Falls Irrigation District (Klamath Falls, 
Oregon), Grand Valley Irrigation Company (Grand Junction, Colorado) and Rocky Ford Highline 
Canal (Rocky Ford, Colorado). The main experimental site for the larger collaborative research 
project was the Rocky Ford Highline Canal and thus most of the work described here also 
targeted this canal. Samples obtained from Klamath Falls and Grand Junction were used 
primarily for either method development or to begin to extrapolate to large scale applications.
The overarching objectives of this study were to identify AMD-degrading microorganisms and 
determine the potential rates of AMD biodégradation in a canal system. These studies were 
based on three hypotheses: 1) microorganisms capable of AMD degradation are relatively 
abundant and ubiquitous in canal water; 2) microorganisms that use AMD as a source of 
nutrients can be enriched from canal samples; and 3) microorganisms in consortia in spiked 
canal samples will facilitate in s/fu degradation of AMD.
Specific project objectives included: 1 ) to determine whether natural microbial communities 
from western US canals are capable of degrading AMD; 2) determining the environmental 
abundance of AMD-degrading microorganisms in canal water and soil; 3) creating a culture 
collection of microbial isolates capable of AMD degradation; and 4) determining the identity and 
phylogenetic relationships of collected isolates. These objectives were met with a series of 
laboratory and on-site experiments detailed in the methods chapter. The methods described in 
this study can be applied for predictive determination of AMD removal for risk assessment prior 
to PAM application to a specific area. This study will provide a better understanding of fate and 
transport of AMD in a canal system to assist in making PAM-application decisions and provide a 
foundation for further research.
CHAPTER 2
LITERATURE REVIEW 
Linear anionic polyacrylamide (PAM) has extensive industrial applications, including use as a 
cost-effective, partial sealant for unlined water-delivery canals throughout the western United 
States. Acrylamide (AMD) is the monomer primarily used for synthesizing various formulations 
of polyacrylamide and is present in trace amounts in commercial preparations of the polymer.
The following section is a review of relevant literature for PAM and AMD which includes current 
applications, toxicity, presence of AMD in processed food, and routes of degradation.
Chemical Properties of AMD and PAM 
AMD is a colorless and odorless crystalline solid compound that is soluble in water and is 
highly mobile in groundwater showing no significant adsorption to soil (5, 83,84). AMD is 
commercially produced from the hydration of aery Ion itrile and is primarily used in industrial 
applications for polymerization with copolymers to create various types of polyacrylamide (PAM). 
A summary of the chemical properties of AMD are shown in Table 1.
Polyacrylamide is a generic name for thousands of polymer formulations containing AMD as 
the major constituent (43). Although various polyacrylamide formulations exist, linear anionic 
polyacrylamide is the polymer of interest in this study. References to PAM throughout this 
document indicate this specific polymer.
Acrylamide and acrylic acid are used to synthesize a polymer with repeating ethylene units
TABLE 1. Chemical and physical properties of acrylamide
Structural formula CH2=CHCONH2
Chemical Abstracts Service No. 79-06-1 
Molecular weight (MW) 71.09
Synonyms acrylic acid amide, 2-propenamide, propenoic acid amide, vinyl ami
Physical state white, crystalline solid (25°G)
Solubility 2040 g/L (25° C)
Melting point 84,5°C
on a carbon backbone with amide and carboxylic acid side chains. The resulting PAM has a high 
molecular weight with a net negative charge at pH 6 or above (57). Commercial preparations of 
PAM can contain up to 0.05% of the residual AMD monomer (11).
Applications of AMD and PAM 
Acrylamide is employed in a variety of industrial applications, including use as a cement 
binder, paper strengthener and grouting agent (33,80). The primary application for AMD is 
synthesis with various copolymers for different formulations of polymers and gels.
Polyacrylamide gels from polymerized AMD are used to separate DNA, proteins and other 
compounds by electrophoresis in research laboratories. Acrylamide is also widely used in 
scientific research to selectively modify protein sulfhydryl groups and as a quencher of 
tryptophan fluorescence in studies designed to elucidate the structure and function of proteins 
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The various formulations of PAM (nonionic, anionic and cationic) are used in extensive and 
diverse applications including waste water treatment, papermaking, petroleum recovery, mining 
and many other industries (52). The negative charge of linear anionic PAM is imperative to its
utility as a flocculating agent. In aqueous applications, PAM works by electrostatic interaction 
with other negatively charged particles via bridging cations (48) (Fig. 1). As a coagulating agent, 
PAM improves the separation of swine wastewater to concentrate the solid fraction and promotes 
anaerobic biodégradation of the waste (24, 90). In addition, PAM has been shown to remove 
enteric bacteria and reduce nutrient concentrations in the wastewater runoff during this phase 
separation (27,85).
PAM Anionic 
Polymer Chain
Chain bridging 
between charged
soil particles
Ion bridges 
between chains
Charged
Particulate
(soil)
FIG. 1. (From Fig. 1 in Orts et al. 2002 (73)) Schematic depiction of linear 
anionic PAM attaching to negatively-charged soil with calcium bridging cations. 
The affinity for PAM to flocculate and attach to soil particles accounts for its soil 
stabilization properties in reducing seepage during water flow.
An important use for PAM results from its ability to stabilize soil by preventing erosion and 
nutrient runoff from irrigation furrows (4). When added to water, the hydrated PAM expands, 
attaches to suspended material and sinks to the soil bed providing a temporary sealant (56). 
Applications of PAM (20 kg ha-^) to irrigation furrows have been found to reduce soil erosion by
99% (32) and (10 ppm PAM) reduced nitrogen and phosphorous losses by 85 and 90%, 
respectively (27). A secondary result of the sealant effect of flocculated PAM is a reduction in 
seepage and water loss (64).
Sealant applications of PAM
Unlined water delivery canals are prone to seepage which can result in a loss of up to half of 
the water entering the canal (14). Due to the stabilization of soil by PAM during water flow, a 
resulting reduction (up to 99%) in seepage occurs in irrigation furrows (64). Because of these 
water conservation benefits, the United States Bureau of Reclamation (USBR) is investigating 
the efficacy of implementing a similar PAM application regimen as tested in irrigation furrows by 
private irrigation companies to temporarily line earthen canal beds.
The USBR oversees water delivery canals throughout the western United State and 
management of these waterways has necessitated a means to maximize water conservation and 
prevent excess water seepage. Because more than half of these canals are unlined and prone 
to seepage, various methods of sealing the canal bed have been investigated (2,14,79). PAM 
is an attractive method for the purpose of improving water retention in canals as other options, 
including concrete and buried plastic, are expensive and prone to freeze-thaw instability or 
puncture by large animals crossing the canal (79). PAM applications are simple, inexpensive 
(28), and have no known associated toxicological risks (9 ,18,23,61) when applied as 
recommended (87) for seepage control.
PAM toxicity studies
Safety assessments have determined that PAM is not significantly toxic. In studies of acute 
toxicity in rats, a single oral dose of 4 g/kg body weight of PAM was non-lethal. A chronic oral
8
toxicity study challenged rats and dogs with doses of 500 or 2000 ppm PAM over a two-year 
period and resulted in no significant adverse effects in growth rate or mortality. The same study 
determined that PAM did not cause harmful effects over the course of a three-generation 
reproductive study in which rats were fed either 500 or 2000 ppm PAM in their diet (9). Dow 
(23) completed a two-year study with three groups of Beagle dogs that were fed a diet of 0.0,1.0 
or 5.0% PAM that contained 0.01% residual AMD. The groups challenged with the PAM and 
AMD did not show significant adverse affects compared to the control group. The American 
Cyanamid Company (18) fed groups of 20 male and female rats a diet containing either 1.0% or 
a 5.0% PAM for a period of two years. According to the study, the only effect was a slight 
decrease in growth rate in both males and females receiving the higher dose. McCollister et al. 
(61) replicated the study with the same variables but concluded that throughout the observation 
period, there were no changes in appearance or behavior in the subjects.
AMD toxicity studies
Several retrospective analyses showed that workers who were exposed to AMD exhibited 
symptoms of peripheral neuropathy, suggesting that the compound is a human neurotoxin (19, 
44). Occupational exposure of tunnel workers to a grouting agent containing AMD resulted in 
mild and reversible peripheral nervous system symptoms (39). Accidental exposure of AMD to 
71 workers in factories producing AMD induced weakness and loss of sensitivity in the distal 
limbs (44). Longer exposure resulted in more severe symptoms including cerebellar dysfunction 
followed by neuropathy (44). Because AMD-induced neurotoxicity has been characterized by 
distal skeletal weakness, it is proposed that the primary site of AMD action is the nerve terminal 
leading to inhibition of neurotransmission (58).
In addition to neurotoxic effects, AMD is a potential carcinogen (81). A lifetime oncogenicity 
study in rats conducted by Friedman et al. (34) found that chronic doses of AMD resulted in 
higher occurrence of benign tumors of the thyroid and mammary glands. Human study data 
pertaining to AMD as a potential carcinogen is limited, although the recent discovery of AMD in 
foods by Tareke et al. (88) has prompted further research. Mucci and colleagues completed 
several epidemiology studies to determine whether dietary AMD had a correlation with 
occurrence of cancer. These case-control studies specifically investigated risk of cancer of the 
large bowel, bladder, kidneys, renal or breast cells and found that no association could be 
established between AMD consumption and risk for these cancer types. Further research was 
conducted and it was concluded that there was no relation between AMD intake and the 
occurrence of cancers of the pharynx, esophagus, breast, large bowel, rectum ovary and 
prostate (75). Data from subsequent research conducted with swine suggests that previous 
studies in rats may have overestimated the cancer risk of AMD for humans (6).
Formation of AMD in processed food 
In 2002, Swedish researchers discovered that AMD is produced from the amino acid 
asparagine when heated to high temperatures in the presence of reactive carbonyl groups of 
reducing sugars (fructose and galactose) (8,88). The mechanism for AMD synthesis in foods is 
the Maillard reaction (65), which is temperature and time dependent (Fig. 2) with the cooking 
methods of frying, broiling and baking resulting in the highest formation of AMD (88).
Foods that contain high levels of asparagine and reducing sugars are largely derived from 
plant sources and include: potatoes (22), apples (35), apricots (89), asparagus (46) and broccoli
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FIG. 2. Mechanism of AMD formation during the heating process of food preparation based 
on mass spectral data (41 ).
(66). On the basis of the content of the U.S. diet, the risk assessment by Petersen (76) suggests 
that up to 40% of all foods commonly consumed contain AMD.
The U. S. Food and Drug Administration (FDA) has created a panel to identify AMD in food 
(31) and found it to be present in many processed foods (Table 2). Although the FDA regulates
TABLE 2. Amount of AMD in processed foods determined by the FDA in 2006 (31).
Infant formula 
Dairy 
Cereals 
Coffee
Breads and bakery products 
Nuts and nut butters 
C hoco la te  P roducts 
French Fries 
P o ta to  Chips
0-10
]0 -4 3
_ 147-266
1175-351
 ^A  I1CF364
128-457
10-909
120-1325
117-2762
500 1000 1500 2000 2500 3000
A M D  con ten t (ppb)
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the amount of residual AMD allowed in a variety of materials that come in contact with food, there 
are currently no guidelines governing the presence of AMD formed in food during the cooking 
process. Research to determine the efficacy of methods to prevent this molecule from forming in 
processed foods, which includes the use of an asparagine-degrading enzyme and limiting the 
amount of sugars with reactive carbonyl groups, is currently underway (3, 36).
AMD limits in drinking water 
Although AMD can be found in high concentrations in prepared foods, stringent drinking 
water standards are enforced. Because of potential risk for causing cancer and neurotoxic 
effects (34,81), the World Health Organization (WHO) has set a limit for the acceptable 
concentration of AMD in drinking water at 0.5 ppb, representing a tolerable risk over a lifetime of 
consumption (94). The U.S. Environmental Protection Agency (EPA) has adopted this 
concentration as the drinking water standard in the United States (98) and the European Union 
has set an even lower limit at 0.25 ppb (1 ).
Degradation of PAM
PAM is often used for seepage reduction and wastewater treatment. Due to the close 
proximity of applications of this polymer to drinking water sources, degradation of PAM to 
individual AMD monomers would be catastrophic. Previous studies (83) showed that heat, light, 
and outdoor environmental conditions, but not pH, promoted depolymerization of PAM to AMD.
In this study, AMD reached a maximum of 10 ppm in a 0.05% PAM solution after four weeks 
incubation at 37°C. Wallace et al. (91) studied the effects of 1% PAM added to the soil of 
tomatoes and wheat. They concluded that the added polymer is unlikely to pollute the soil with 
enough AMD to constitute a potential hazard. Subsequent research by Kay-Shoemake et al.
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(48) resolved that PAM did not break down into AMD under laboratory incubation conditions.
This was determined when cultures grew with AMD as a sole carbon and nitrogen source but 
PAM could only be utilized as a nitrogen source. Their data suggest that if PAM was degrading 
into AMD, cell growth would be supported by PAM as sole source of carbon and nitrogen.
Prior research has shown that the carbon backbone of PAM is susceptible to abiotic scission 
through exposure to ultraviolet radiation (26), heat, desiccation and mechanical effects in a 
natural environment (55); but it is resistant to biological degradation (37,38,48). The nitrogen 
from the amide group side chain, however, is bioavailable via inducible amidase activity (48), 
which appears to be specific to PAM-degradation (50). The amidase catalyzes hydrolysis of the 
amide bond resulting in ammonium, which is utilized as a nitrogen source, and polyacrylate (49). 
One study examining PAM metabolism in methanogens found that methanogenesis was 
stimulated when the polymer was the major source of nitrogen but the polymer was not 
fermented into methane (43). Growth of sulfate-reducing bacteria was also found to be 
stimulated by PAM when present as a nitrogen source and decrease in concentration of PAM in 
growth medium correlated with growth of the culture (38).
Several studies have obtained isolates capable of utilizing PAM as a nutrient source. 
Enterobacter agglomerans and Azomonas macrocytogenesmre isolated from aerobic 
enrichments with laboratory-produced PAM as a sole carbon and nitrogen source (68). This is 
the only report that shows PAM is used as a carbon source by bacteria and has not been 
replicated in the literature (37,43,47-49) nor in our study (this work).
Degradation of AMD
Several field crops grown in soil treated with PAM to reduce erosion were analyzed for 
possible bioaccumulation of AMD. Analysis of residual AMD in beans, corn, potatoes, and sugar
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beets showed levels of <10 ppb, but AMD was absent after subsequent analysis 18 hours later 
(10). Related studies showed that AMD does not bioaccumulate in mushrooms or tomatoes (15, 
16). The mechanism of removal of AMD after it enters the plant is not known. AMD 
biodégradation has been characterized by degradation into acrylic acid and ammonium (Fig. 3) 
(80) when cleaved with an inducible amidase. Using nitrification blockers to prevent oxidation of
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FIG. 3. (Redrawn from FIG. 3 in Shanker et al. 1990 
(80)) Degradation of AMD by Pseudomonas sp. 
Symbols: closed circle-pH of medium, open circle-AMD, 
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the ammonium degradation product, an accumulation of ammonium-nitrogen and acrylic acid 
could be detected with a concurrent decrease in AMD when incubated with a Pseudomonas sp. 
(80). The bacteria used the resulting acrylic acid and ammonium as sources of carbon and 
nitrogen (93).
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Microorganisms produce enzymes that catalyze both degradation and synthesis of AMD, 
including amidase and nitrile hydratase (33). Amidase has been characterized to catalyze the 
degradation of AMD into ammonium and acrylic acid (48-50, 80). Another enzyme produced by 
Rhodococccus rhodochrous {7 ,74, 86) and Nocardia cells (17) is nitrile hydratase which is used 
industrially to produce AMD (20,53) by hydrolyzing acrylonitrile to AMD (17).
Cofactor studies involved with AMD-degrading amidase found that iron enhanced, while 
chelators reduced, the rate of AMD biodégradation in cultures, suggesting the involvement of iron 
in the active site(s) of the amidase. Copper and nickel inhibited AMD degradation, which 
suggest the presence of sulfhydryl (-SH) groups in the active site(s) of the AMD-degrading 
amidase (69).
An in situ AMD degradation study concluded that 50% of a constant dose of 50 ppb AMD 
into activated sludge sewage was removed through bacterial degradation (12). The monomeric 
constituents of linear anionic PAM (AMD and acrylic acid) could both be used as the sole 
nitrogen and carbon sources by microorganisms in soil enrichments (48). AMD-degrading 
isolates collected from soil enrichments were determined to be Rhodococcus sp., Xanthomonas 
maitophilia and Pseudomonas sp. (70). Another AMD-degrading microorganism isolated from 
garden soil was a Pseudomonas sp. capable of degrading up to 4 g/L (4000 ppm) AMD as a sole 
source of carbon and nitrogen in 6 days (80).
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CHAPTER 3
MATERIALS AND METHODS 
Sampling locations
Rocky Ford Highline Canal (RFHC) (Rocky Ford, CO) was chosen to complete the majority 
of experiments. Samples from canals in Grand Junction, Coiorado and Klamath Irrigation District 
(KID) (Klamath Falls, OR) were also collected. In 2006, a canal in Grand Junction and KID were 
sampled in July and August, respectively. RFHC was chosen as the main site for sampling and 
conducting experiments. Rocky Ford Highline Canal Company provided records indicating the 
history and location of PAM applications which were necessary for experiment planning and 
organization of the project. Sampling from RFHC was conducted in June and September of 
2006 and in August and October of 2007.
Rocky Ford Highline Canal sampling sites 
Arkansas River water is diverted into this canal during irrigation season (March through 
October) for supplying water to farmland primarily used for livestock feed (alfalfa and sorghum). 
The four sites of the RFHC sampled during each trip cover a canal reach of about 34 km and 
GPS locations are indicated in Figure 4. Site 200 is upstream from previous PAM applications 
and samples obtained from this site were used as a reference to represent “pristine” conditions 
with natural microbial populations unaffected by prior exposure to PAM and AMD. The three 
downstream sites represented areas that had been previously exposed to PAM applications.
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FIG. 4. Aerial view of sample sites with GPS location of Rocky Ford Highline Canal (arrow 
indicates water flow) and a section of the canal near site 1730.
Sample collection
Samples collected from each field trip included water and soil from sites with and without 
prior PAM application history. Samples were either kept on ice in the field with subsequent 
storage in our laboratory at 4°C or immediately frozen with dry ice and stored in the laboratory at 
-80°C. Frozen samples for cultivation were stored without preservatives or preserved in 20% 
(v/v) glycerol. Samples for direct counts and flow cytometry were fixed with 2.5% (v/v) 
glutaraldehyde. Aerobic water and soil samples were collected in 50 ml centrifuge tubes. 
Anaerobic water samples were collected in 20 mm serum vials with butyl rubber stoppers and 
aluminum crimp seals (Bellco, Vineland, NJ). Water was pumped via sterile masterflex (LS-14) 
silicone tubing into the vials with a portable peristaltic pump (Cole Parmer) through a 25 Ga 
needle to prevent exposure to the air. Saturated canai sediment was collected with a Watermark 
universal sediment coring device. Cores were extruded onto flame-sterilized aluminum foil and 
the top 5 cm were subsampled into sterile 50 cc Falcon-type centrifuge tubes. Particulates (e.g.
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bacterial cells) from water for subsequent DNA extraction were collected by filtration onto 25 mm 
0.2 |j m filters (PALL, Ann Arbor, Ml) and frozen immediately on dry ice. Samples used for 
cultivation and quantification were maintained at 4°C and inoculated into medium within 24 to 48 
hours of sampling.
Rocky Ford Highline Canal water chemistry
Water samples were collected from RFHC (August and October 2007) to determine nitrate, 
nitrite, ammonia and dissolved organic carbon (DOC) concentrations. Samples were filtered (0.2 
pm, PALL, Ann Arbor, Ml) and stored at 4°C in 60 ml polyethylene bottles (Nalge Company, 
Rochester, NY). Analyses were performed at the Desert Research Institute Water Analysis 
Laboratory (Reno, NV).
AMD quantification
AMD measurements in liquid samples and microbiological media were conducted using ERA 
Method 8316 (29). Briefly, 200 pi samples were analyzed with a deionized water mobile phase at 
room temperature on an Agilent 1200 series HPLC equipped with a Cie reverse-phase column 
(Varian microsorb-MV, 150 x 4.6mm), UV-VIS DAD detector (195 nm) and an autosampler.
AMD calibration curves were developed and a 5 ppb detection limit was generally obtained 
unless otherwise indicated. Samples were analyzed in triplicate and the integrated peak area 
response was recorded and averaged. For each, a standard deviation was calculated and the 
average readings were then caiibrated to provide the concentration of AMD for a given HPLC 
peak area response. Each type of sample matrix (growth medium or canal water) was tested 
individually as the constituents of the medium affected the AMD peak response. Defined growth
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media were designed to minimize AMD peak response interference and new calibration curves 
were developed as necessary to accommodate each experiment.
PAM quantification
Quantification of PAM was determined by using a previously described colorimetric N- 
bromination method (59). Each 2 ml sample was mixed with 1 ml acetic acid buffer solution 
(28.9 ml glacial acetic acid and 0.3 mg oxamide in 500 ml water buffered to pH 3.5 with 6 N 
NaOH) and 1 ml 0.04 M bromine then incubated for 40 minutes. One ml 0.08 M sodium formate 
was added to the sample and incubated for 5 minutes. Finally, 1 ml starch-iodide solution (1.25 
g starch dissolved in 300 ml boiling water mixed with 5.49 Cdb and diluted to 500 ml) was added 
and incubated for an additional 10 minutes to allow for color development. Absorbance was 
determined in a spectrophotometer (Spectronic instruments spectronic 200+ spectrophotometer, 
Garforth, England) at 570 nm.
16S rRNA gene amplification 
The 16S rRNA gene from each collected isolate was amplified using colony PGR in 20 pi 
reactions in a thermal cycler (Px2, Thermo Electron Corporation, Milford, MA). A single colony 
on a plate was touched with a sterile toothpick and cells were lysed with 20 pi Lyse-N-Go reagent 
(Pierce, Rockford, IL). The mixture was incubated at 98°G for 10 minutes then mixed with 80 pi 
PGR-grade water (VWR). Samples were centrifuged at 10 000 rpm in a microcentrifuge to 
remove celi debris for 10 minutes and 1 pi of the supernatant was added to the PGR master mix 
as the DNA template. Each 20 pi PGR reaction contained 0.65 units GoTaq (Promega Corp., 
Madison, Wl), 4 pi buffer, 0.8 mM total dNTPs (Takara, Madison, Wl) and 0.2 pM of each primer 
(Table 3). A bacterial forward (9bF) and a universal reverse (1512uR) primer were used to
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TABLE 3. Primers used for PCR amplification and sequencing of 
16S rRNA gene (25)
Primer Sequence®
9bP GRGTFTGATCCTGGCTCAG
519uF CAGCMGCCGCGGTAATAC
1512uR A C G G H T A C C n G n A C G A C n
=M, A/C; H, A/C/T
amplify the 16S rRNA gene. The presence of PCR products of the expected size was verified by 
gel electrophoresis.
Description of growth medium 
M1 medium (67) was altered to remove any source of nitrogen to allow for analysis of AMD 
or PAM as sole N sources. This modified medium (M1-N ) contained (per liter): 1.28 g Na2S0 4 , 
15 ml phosphate buffer (30 g KH2P0 4 and 66.1 g K2HPO4 dissolved in 1 1), 10 ml Wolfe’s mineral 
solution (95), 100 pi 5 nM NiS0 4  6 H2 0 , 100 pi 0.115 M Na2Se04 IOH2O and 15 g agar (Bacto) 
(solid medium only). The medium was autoclaved and 10 ml 0.2 M NaHCOswas added after 
cooling. Several types of media (Table 4) were completed by adding different nitrogen and 
carbon sources to the base M1-N- medium. The added carbon in aerobic media was a mixture of 
2.5 mM each (final concentration) of sodium formate, sodium lactate, sodium acetate and 
glucose (FLAG, added from 1 M stock solutions at pH 7.4). Added nitrogen sources were 7 mM 
NH4NO3-N, 7 mM (500 ppm) AMD or 100 ppm PAM. PAM concentration is commonly stated in 
units of ppm instead of moles/l as it is a variably-sized macromolecule making it difficult to 
quantifiy in moles. The units for AMD are also stated in ppm in this study for uniformity.
2 0
TABLE 4. Various aerobic media made by adding carbon and nitrogen to the M1-N-
base medium.
1 0 0  ppm 500 ppm 10 mM 7 mM
Media type PAM AMD-N FLAG® NH 4NO 3-N
PAM as sole N source X X
PAM as sole C source X X
AMD as sole N source X X
AMD as sole C source X X
Media with C and N X X
Media with no C or N
®FLAG, mixture of 2.5 mM each sodium formate, sodium lactate, sodium acetate and
D-glucose.
Anaerobic media were made by using M1-N- medium base and adding different electron 
acceptors. The added carbon was a mixture of 2.5 mM each (final concentration) of sodium 
formate, sodium lactate and sodium acetate (FLA). Glucose was omitted to avoid addition of a 
fermentable carbon source.
The various anaerobic media (Table 5) all contained cysteine hydrochloride as a reducing 
agent (250 mg/l) and resazurin (30 p g/L) as a redox indicator. Media was autoclaved and
TABLE 5. Various anaerobic media made by adding different nitrogen sources and electron
acceptors to the M1-N- base.
Media type 7.5 mM 7 mM 7 mM 3 mM 10 mM 10 mM 5 mM
______________________ FLA® NH4NO 3 AMD-N FeS0 4  Fe NTA^ Fe citrate KNO 3
sulfate reducing
Total X X  X
AMD as N source X X X
AMD &NH4N03asN source X X X X
iron (Fe NTA) reducing 
Total X X  X
AMD as N source X X X
AMD & NFI4 NO3 as N source X_________ X__________X____________________X___________
iron (Fe citrate) reducing 
Total X X  X
AMD as N source X X  X
AMD & NFI4 NO3 as N source X X X  X
nitrate reducing
AMD as N source
®FLA, 2.5 mM each sodium formate, sodium lactate and sodium acetate 
bFe NTA, iron nitrilotriacteic acid (54)
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flushed on the bench with nitrogen gas passed through copper fillings in a tube furnace 
(Barnstead Thermolyne, Dubuque, lA) using the Hungate method (51). The flushed medium was 
moved into an anaerobic chamber with an atmosphere of 97% N2 gas and 3% H2 gas, to 
complete cultivation work.
Concurrent growth curve and AMD degradation test 
A concurrent growth curve and AMD degradation enrichments were conducted to determine 
whether microorganisms in consortia from our samples were capable of AMD degradation. The 
samples used in this experiment were collected in 2006 from Grand Junction (July), KID (August) 
and RFHC (June and September) from canal sites upstream of previous PAM applications. M1- 
N- medium containing AMD as the sole nitrogen source at 500 ppm (7 mM) was inoculated with 1 
ml of the preserved water samples (frozen in 20% glycerol). The enrichments were incubated at 
room temperature at shaking at 120 rpm (Molecular Technologies, St. Louis, MO) in 500 ml 
Pyrex® screw cap flasks. Samples of the medium were collected at a series of time points over a 
period of 96 hours and analyzed for absorbance of turbidity in a spectrophotometer (Spectronic 
instruments spectronic 200+ spectrophotometer) at 600 nm and AMD concentration using HPLC.
Repacked column test
This set of experiments was completed with Mr. Todd Arrowood as a collaborative study for 
microbial degradation of AMD in simulated groundwater flow (5).
Repacked column test: flow through solution 
A standard flow through solution for soil column tests is 0.005 M CaS0 4  (52) which is 
designed to maintain soil structure and reduce clay flocculation of soil in the column. The flow
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through solution used in the repacked soil column tests was a medium based on M1(67) and the 
CaS0 4  solution recipes to support bacterial growth. Another consideration in designing the 
medium was given to the sodium adsorption ratio (SAR) value which is:
Na
caiculated in units of millequivalents per liter (42). SAR influences expansion and contraction of 
clay particles resulting in a change of permeability and conductivity in the soil column. As the 
standard CaS0 4  solution has a SAR value of zero, the modified flow through solution was 
formulated to have a SAR less than 1 to remain comparable to the original solution. The recipe 
to fit these specifications required relatively high calcium and very low sodium content. The 
resulting medium (M1-SAR1) contained (per liter): 340 mg of CaS04,112.3 mg Na2S0 4 , 450 mg 
K H 2 P O 4 ,1 g K 2 H P O 4 ,1 0  ml of Wolfe’s mineral solution (95), 0.4 mg NiS0 4  6H 2O , and 180 mg D- 
glucose. This was used as the medium for growing the cultures as well as the flow through 
solution for the column tests.
Repacked column test: isolation and identification of test isolate 
Due to the high solute content of M l-SA R I, isolation of a bacterium tolerant of this medium 
and capable of AMD degradation was required. Enrichments of 1 g of soil from KID, Grand 
Junction and RFHC inoculated into 100 ml of Ml-SARI medium with AMD (500 ppm) as the sole 
nitrogen source were shaken at 120 rpm (Molecular Technologies, St. Louis, MO) at room 
temperature. After 5 days, 100 pi from the enrichments were transferred into 100 ml fresh M1- 
SAR1 medium and shaken at room temperature an additional 5 days. Each culture was diluted 
into sterile medium and spread onto Ml-SARI (500 ppm AMD) agar plates. Isolates were
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collected and grown in M1-SAR1 medium and AMD (500 ppm) degradation ability by isolates 
was confirmed using HPLC analysis after 72 tiours of incubation. One isolate from KID showed 
the ability to degrade AMD to below detection limits within 72 hours (data not shown). This 
isolate was chosen for the series of column experiments to determine potential maximum 
microbial degradation of 5 ppm AMD (1 ppm AMD-N) in a soil column.
The 16S rRNA gene of the test isolate was amplified using colony PCR and sequenced at 
NGC (Reno, NV). The 16S rRNA gene sequence of the bacterium was analyzed by BLAST 
algorithm (62) and had 99% sequence similarity over bases to Pseudomonas putida (accession 
number: AY623928.1).
Repacked column test: variables 
Variables in this experiment were soil type (sand or loamy sand), nitrogen competition 
(presence or absence) and whether the bacterial culture had previous exposure to AMD 
(experienced or naïve). Both soils in this test were collected from Grand Junction, CO and 
characterized by Arrowood (5). The loamy sand will simply be referred to as loam throughout 
this work. Tests containing competitive nitrogen in the flow through medium contained 1 ppm 
each AMD-N, N O s-N  (from K N O s) and N H 4-N  (from NH4CI) and tests without competing nitrogen 
contained 1 ppm AMD-N in the flow through medium. Fresh cultures were grown for 24 hours in 
the appropriate medium for “experienced” (1 ppm AMD-N as a sole nitrogen source ) or “naïve” 
(1 ppm each N O 3-N  and NH 4-N  as the nitrogen source) conditions prior to each experiment.
Repacked column test: setup 
Column test set up was completed in collaboration with Arrowood (5) and is shown in Figure 
5. The column used in these tests was a pressure cell column (Soil Measurement Systems,
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Tucson, AZ) with dimensions of 7.62 cm outside diameter, 6.35 cm inside diameter and 15 cm in 
length. The flow through solution was pumped through the column through silicone tubing 
(Masterflex) with a piston pump (Fluid Metering Systems) and outflow fractions were collected in 
16 mm X 150 mm borosilicate tubes rotated in a fraction collector (ISCO, Inc., Lincoln, NE). The 
tubing and borosilicate test tubes were autoclaved and the column and peristaltic pump head 
were sterilized by soaking in 95% ethanol and allowing to air dry prior to each test.
Soil Column
Piston Fraction CollectorSolution
FIG. 5. Soil column setup with flow through solution pumped upward 
through the column and the outflow collected in borosilcate tubes by a 
fraction collector.
Soil was oven-dried at 105°G for 24 hours to drive off residual moisture for accurate 
determination for a specific bulk density based on natural field bulk densities in the environment.
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A bulk density of 1.7 g/cm^ required 810 g of sand and 710 g of loam was required for a bulk 
density of 1.5 g/cm^ in tfie column.
After collecting the appropriate weight of oven-died sand and loam, an attempt was made to 
sterilize the soil as according to accepted protocols (as described by Shanker et. al. (80)).
Briefly, soil was autoclaved at 121°C for 60 minutes every other day for 7 days with a total 
number of four autoclave sessions. Sterility of the soil after completing the autoclaving 
procedure was tested by adding 1 g into 100 ml Nutrient Broth (EMD) and shaking at 120 rpm at 
room temperature for 24 hours. However, despite the use of this rigorous procedure, the soil 
was not sterile as the broth grew turbid after incubation.
To determine whether the surviving microorganisms would interfere with the AMD 
degradation study, 1 g of the autoclaved soil was inoculated into Ml-SARI medium with AMD-N 
(1 ppm) as the sole nitrogen source. The culture grew turbid after 24 hours, but AMD 
concentrations did not decrease after a 7-day incubation determined by HPLC analysis (data not 
shown).
Columns were packed by Arrowood (5) using a water-packing technique previously 
described by Moran (64). Soil was swirled into the column as the Ml-SARI flow through solution 
was slowly added to ensure even saturation. Throughout the filling procedure, the column was 
tapped firmly on the sides to remove air bubbles and encourage settling. Excess solution was 
wicked off and the endplate was attached.
Pore volume of the packed soil column was calculated to normalize the experiments by 
ensuring equivalent flow through for each column test. Porosity is the percentage of void space 
in the packed column and was calculated with the equation:
Pb
/  =  ( ! — ^ )x lO O  
A
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where f is the porosity, Pb is the bulk density of the soil in the column and Ps is the standard 
particle density of a mineral soil (assumed to be 2.65 g/cm^ ) (45). The porosity of the sand and 
the loam soil were determined to be 35.9 and 43.4%, respectively. The pore volume was 
determined to be 170 and 206 ml for the sand and loam, respectively, by multiplying the total 
volume of the column (475 cm^) by the porosity of each soil type. This was verified by 
subtracting the weight of the dry soil and column from the saturated packed column weight.
A culture of the test isolate was grown 24 hours prior to each test with the appropriate 
nitrogen source for experienced or naïve conditions then pumped through the packed soil column 
for 24 hours in a circular continuous flow. The soil column was then flushed with sterile flow 
through solution until AMD cleared the column (determined by HPLC analysis). A test was 
conducted to confirm that the flow through solution would not flush out the bacteria and that the 
bacteria were surviving in the column. Soil was collected and slurries serially diluted to quantify 
remaining microorganisms from an inoculated column after running 1 0  pore volumes of flow 
through solution. Although likely an underestimate, it was determined that the soil retained at 
least 1 0 i2 cells/g (data not shown).
Upon the start of a test, the flow through solution was pumped upward through the column 
for 10 pore volumes at a rate of 1 ml/min. Fractions of the effluent were collected and analyzed 
using HPLC for detection of AMD. Thirty effluent samples per pore volume were analyzed for 
AMD content for the first two pore volumes, and fifteen samples per pore volume were analyzed 
for the remaining eight pore volumes.
Repacked column test: data analysis 
The AMD breakthrough curve of each column test was graphed against an estimated AMD 
breakthrough curve calculated with the STANMOD software package (versions 1.0 and 2.0) (82)
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by Arrowood (5). Total degradation was determined by comparing the column sample HPLC 
peak response to the AMD calibration curve conducted with M l-SARI as the medium. ANOVA 
statistical analysis was conducted by Arrowood (5) to determine whether the variables of soil 
type, nitrogen competition and an experienced or naïve culture had an effect on the degradation 
rate and half-life of AMD.
The outflow from column tests containing competitive nitrogen sources was collected for 
chemical analysis to determine whether the bacteria in the column were biased for a particular 
nitrogen source. Fractions of 50 ml of the outflow solution (from pore volumes 1,2.5,5,7.5 and 
10) were frozen until chemical analysis. Nitrate and ammonium were determined by colorimetric 
analysis (LaMotte Smart Water Analysis System, LaMotte, Chestertown, MD). A calibration 
curve with AMD, nitrate and ammonium in Ml-SARI was conducted to ensure AMD did not 
interfere with detection of the other nitrogenous substrates.
Canal soil core column test 
Canal soil core column test: soil core collection 
Saturated canal bed soil cores were obtained from RFHC (August 2007) from sites with and 
without previous PAM application (sites Ln67 and 200, respectively). Three cores from each site 
were collected with the same universal sediment sampler head fitted directly to a pressure cell 
column (Soil Measurement Systems, Tucson, AZ). Once collected, cores were packed upright 
with their pore water intact on ice and refrigerated at 4°C until experiments commenced. Great 
care was taken during sampiing and transport so that natural bulk density and stratification of the 
upper 15 cm of the canal bed was preserved. Canal water was collected into a sterile 20 L 
polyethylene carboy (Nalge Company, Rochester, NY) from each site for the column test flow 
through solution.
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Canal soil core column test: setup 
Prior to ttie column test, the soil core was attached to column endplates and allowed to warm 
to room temperature (24°C). The canal water for use as a flow though solution was filter- 
sterilized (Nalgene 150 ml analytical filter unit, Nalge Company, Rochester, NY) and spiked with 
5 ppm AMD. The pump and effluent collection setup used in the repacked column experiment 
was used for this set of tests. Bulk density of the columns was estimated by using one of the 
cores from each site and determining the dry weight of the soil. The pore volume was then 
calculated based on the estimated bulk density. The bulk density and pore volume for soil cores 
collected from site 200 were 1.84 g/cm^ and 145.21 ml, respectively. The bulk density and pore 
volume for soil cores collected from site Ln67 were 1.49 g/cm^ and 207.39 ml, respectively.
Length of each test (approximately 30 hours) resulted in a range of storage times preceding 
individual experiments. The soil columns from each site were run in duplicate with site Ln67 soil 
columns ran 10 and 15 days post collection and site 200 soil columns ran 13 and 18 days post 
collection.
The filtered canal water was pumped upward through the soil column for 10 pore volumes at 
a flow rate of 1 ml/min. Fractions of the effluent were collected and analyzed using HPLC 
(described previously) for detection of AMD. Thirty effluent samples per pore volume were 
analyzed for AMD content for the first two pore volumes and fifteen samples per pore volume 
were analyzed for the last eight pore volumes.
Canal soil core column test: data analysis 
Because a sterile control breakthrough curve could not be experimentally obtained, an AMD 
breakthrough curve was estimated using the STANMOD software package (versions 1.0 and 2.0) 
(82) and a hypothetical breakthrough curve graph was generated by Arrowood (5). The
29
estimated breakthrough curve was graphed against the column data for each test to evaluate 
microbial degradation of AMD.
In situ AMD degradation bottle test 
In August 2007, RFHC samples of water (12 ml) and slurry (6  ml water + 6  mi soil) were 
collected and spiked in triplicate with 0 ,5  and 100 ppm AMD. Samples were put into 15 ml 
polypropylene centrifuge tubes (VWR), incubated in the canal (~24°C) and retrieved at time 
points 0,24,48 and 72 hours. Samples were frozen until AMD analysis by HPLC. A calibration 
curve using canal water as the medium was used to determine AMD concentrations.
Ex situ AMD and PAM degradation bottle test 
In October 2007, RFHC water (1 2  ml) and slurry (6  ml water + 6  ml soil) samples were 
spiked in triplicate with either AMD (0.05,0.5,5 or 100 ppm) or PAM (10,50,100 or 500 ppm). 
The setup for the experiment was completed on-site within 6  hours of sample collection.
Samples were incubated in 15 ml polypropylene centrifuge tubes at the canal temperature 
average (15°C) then moved to the laboratory bench (24°C) after 72 hours for the remainder of the 
experiment (30 days total). Samples were collected on days 0 ,1 ,2 ,3 , 4, 5 ,7 ,12 ,20  and 30 and 
frozen at -80°C for later HPLC (for AMD detection) or N-bromination (for PAM detection) 
analysis.
During sample collection, the dissolved oxygen in the canal water was tested using a 
colorimetric ampoule test (CHEMet, Calverton, VA) and determined to be 6  ppm. Dissolved 
oxygen analysis of an incubating sample on day eight showed a drop in the concentration of 
dissolved oxygen from 6  to about 1 ppm. As hand shaking of the unopened tubes replenished
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dissolved oxygen concentrations, the tubes were shaken daily from day eight onwards to 
maintain an oxygen tension similar to that of circulating canal water.
Cell count with DAPI stain and flow cytometry 
Fixed water samples from RFHC (October 2007) preserved in 2.5% glutaraldehyde were 
used for cell counts. One ml samples were stained with 100 pi 0.003% 4,6-diamidino-2- 
phenylindole (DAPI) (77) and incubated in the dark for 10 minutes. From the stained sample, 
100 pi was filtered onto a black 0.2 pm pore size filter (Osmotonics, Inc., Minnetonka, MN) and 
cells were counted using epiflourescent microscopy (Axioskop 2 plus, Zeiss, Gottingen, 
Germany). Cell count average from thirty randomly selected fields was back-calculated for the 
concentration of cells in the original sample. The same fixed samples were reanalyzed for total 
cell numbers (“total biomass”) on a MicroPRO flow cytometry system using supplied reagents 
and according to manufacturer’s instructions (Advanced Analytical, Ames, lA).
Enumeration by dilution to extinction 
Samples from RFHC taken in October 2007 were held on ice and diluted in aerobic media 
within 24 hours of collection. Water and soil samples were serially diluted ten-fold for eight 
rounds into several types of aerobic media (media described in Table 4) in triplicate using 13 x 
100 mm borosilicate test tubes (VWR) with slip caps. Anaerobic dilutions were performed within 
48 hours of sample collection. Samples were serially diluted into several variations of anaerobic 
M1-N- media (media described in Table 5) in single replicates of eight ten-fold dilutions in 16 x 
150 mm borosilicate screw-cap tubes (VWR). The first dilution of soil was prepared using the 
method described by Fredrickson and Balkwill (13). Briefly, 1 g of soil was blended at the 
maximum setting using a Waring blender in 9.5 ml 0.1% sodium pyrophosphate for two 30
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second pulses with a 30 second rest in between. All dilutions were grown at 24°C without 
shaking for seven days on the bench or in the anaerobic chamber then analyzed for growth 
based on visible turbidity.
Each aerobic tube with growth was transferred into fresh medium to confirm positive growth 
results after seven days. The numbers of microorganisms in aerobic dilution tubes were 
estimated by the most probable number (MPN) method according to Woomer (96). Briefly, MPN 
technique is based on the mathematics of Halvorson and Ziegler (40) to estimate microbial 
population size by considering growth patterns of replicate dilutions. MPN analysis was 
conducted for dilution experiments completed in triplicate and enumeration was based on an 
MPN table generated by MPNES software by Woomer et al. (97). Anaerobic dilution population 
enumeration was based on visible turbidity of singie dilution series only.
Aerobic isolate collection 
Several methods were used to obtain isolates to maximize diversity and prevent faster- 
growing microorganisms from being over-represented in the AMD- and PAM-degrading 
microorganism collection. Isolates were collected from individual colonies from initial dilution 
plates done in conjunction with MPN dilutions and were also collected from two different 
enrichments. The first enrichment was from the first replicate of the first MPN dilution tube for 
each inoculum. The second enrichment was from the last MPN tube with growth of the first 
replicate for each inoculum. Isolates collected from the first dilution tube potentially represent 
those that are able to grow quickly, whereas, those from the final dilution with growth would be 
expected to represent microorganisms that are most abundant. The MPN dilution tubes were 
incubated for eight days and then 1 0 0  pi from the first and last dilutions with growth were 
inoculated into 5 ml fresh media. Enrichments were grown for an additional eight days then
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transferred a second time into fresh media. After another period of growth for 8  days, 
enrichments were finally diluted and spread onto plates. All transfers and plating were onto the 
original enrichment media (i.e. same carbon and nitrogen sources) and incubated at room 
temperature without shaking. All isolates collected from colonies on the dilution plates (n = 6 8 ) 
were frozen in 20% glycerol at -80°C.
Isolate grouping
Isolates were individually tested for the ability to degrade AMD as a sole C or N source and 
whether they could utilize PAM as a sole N source. Enrichments testing ability to utilize PAM as 
a C source resulted in no growth, so this variable was not included in this experiment. Each 
isolate was incubated in media containing AMD as a sole nitrogen or carbon source or PAM as a 
sole nitrogen source for seven days (media described in Table 4). AMD degradation was 
determined by HPLC analysis and PAM utilization as a nitrogen source was determined by 
visible turbidity of the culture.
For restriction fragment length polymorphism (RFLP) analysis, the amplified 16S rRNA gene 
of each isolate (as described above) was digested to completion with either HaelW or with a 
double digest of Hae\\\ and Hha\. The restriction digest consisted of 5 pi PGR product, 2.9 pi 
PGR-grade water, 1 pi Buffer, 1 pi Hae\\\ or 0.5 pi each Hae\\\ and Hha\, and 0.1 pi BSA. Digests 
were incubated overnight at 37°C. The double digest was heat-inactivated at 85°G for 25 
minutes prior to mixing with the single digest to prevent further base pair cutting. The mixed 
digests were run on a 2 % agarose electrophoresis gel with a 1 kb ladder molecular weight 
marker (Promega, Madison, Wl). Gels were post-stained with an ethidium bromide solution (1.0 
mg/ml) for 20 minutes and visualized on a UV transilluminator on a camera fitted with an 
ethidium bromide filter (Fotodyne, Madison, Wl). A preliminary grouping of the isolates was
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based on restriction digest banding patterns, ability of using AMD or PAM as a nutrient source 
and location whiere the isolate was collected.
Each isolate in the collection was sequenced with the 9bF primer (see Table 3) at NGC 
(Reno, NV). Isolates were aligned with Sequencher software (version 4.8, Gene Codes Corp., 
Ann Arbor, Ml) and grouped based on 99% similarity of 400 base pairs (positions 129 -  528) of 
the 16S rRNA gene into 15 unique groups.
Phylogenetic analysis
A complete sequence of the 16S rRNA gene for a representative of each of the isolate 
groups was assembled and analyzed using the BLAST algorithm (62) to determine their nearest 
relative. For each, the closest sequence match (described or uncultured clone) and described 
microorganism were downloaded into ARB (60) using the SILVA (78) database for alignment and 
inclusion in the tree as reference sequences. A phylogenetic tree was constructed within the 
ARB environment using the distance matrix neighbor-joining algorithm with evolutionary 
distances calculated with the Jukes-Cantor correction. A consensus tree was determined by 
comparing maximum likelihood and maximum parsimony algorithm results.
AMD-containing waste remediation
Throughout this study, media containing residual AMD waste was remediated by inoculation 
with bacterial isolates enriched for ability to degrade AMD. Used media was incubated with 
these cultures until AMD levels were below detection allowing limits (determined by HPLC) and 
the media to be subsequently disposed of with standard protocols. This in-house remediation 
resulted in efficient and economical waste reduction to minimize hazardous waste disposal costs 
as research progressed.
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CHAPTER 4
RESULTS
Rocky Ford Highline Canal water chemistry 
Table 6  presents chemistry data for canai water collected from RFHC in August and October 
2007. For both time periods, water was analyzed for nitrate, nitrite and ammonia (mg/l) and 
dissolved organic carbon (DOC). A greater difference in DOC from the upstream and
TABLE 6 . Rocky Ford Highline Canal water chemistry for samples taken
_________________August 8  and October 14,2007._________________
NO3- NO2- NH3 DOC
mg/l mg/l mg/l mg/l
Site Aug Oct Aug Oct Aug Oct Aug Oct
2 0 0 0 . 7 4 7 1.87 0.009 0.019 0.038 0.018 5 . 1 8 . 1
Ln67 0.721 1.61 0 . 0 0 2 0.007 0.011 0.012 NA^ NA
501b 0.753 1.62 0.003 0.004 0.015 0.008 NA NA
1730 0.826 1.9 0.003 0.019 0.027 0.007 5.3 4.9
®NA, not analyzed
downstream sites occurred in the October samples (8.1 and 4.9 mg/l) than in the August samples 
(5.1 and 5.3 mg/l). Nitrate also varied between the two time points with an average for the four 
sample sites of 0.761 ± 0.045mg/l and 1.75 ± 0.16 mg/l in August and October samples, 
respectively. Average of nitrite concentrations in the four sample sites were 0.017 ± 0.0032 mg/l
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in August and 0.013 ± 0.0079 mg/l in October. Average ammonia concentrations in August and 
October w/ere 0.023 ± 0.012 mg/l and 0.012 ± 0.0050 mg/l, respectively.
Concurrent grow/th curve and AMD degradation 
Results of culture turbidity and AMD concentration of cultures inoculated with canal water are 
shown in Figure 6 . Each culture exhibited a standard growth curve with exponential increase in
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FIG. 6 . Enrichments in M1-N- medium containing AMD as sole N source inoculated 
with canal water collected in 2006 (RF-J, Rocky Ford, June; RF-S, Rocky Ford, 
September; GJ, Grand Junction, August; KF, Klamath Falls, July; Control, uninoculated 
medium).
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turbidity beginning after approximately 65 hours and stationary phase occurring around 96 hours. 
Exponential decrease of AMD content began after approximately 74 hours. Removal of AMD 
below detection limit (5 ppb) occurred in flasks inoculated with water from Rocky Ford- 
September and Klamath Falls after approximately 8 8  hours and complete removal of AMD 
occurred in the other two enrichments after approximately 104 hours. It was determined that the 
majority of AMD removal was a result of microbial degradation as the cultures had at least 95% 
AMD loss while the uninoculated control showed a 21% loss of AMD after 116 hours of 
incubation.
Repacked column test 
Estimated breakthrough curves for AMD with no degradation in a soil column were 
calculated by Arrowood (as part of a collaborative study) (5) with STANMOD software (82) using 
parameters of pore water velocity and initial AMD concentration. The theoretical breakthrough 
curve was graphed alongside experimental AMD concentration yielded in fractions of the outflow 
solution for each column test. Results of AMD concentration for uninoculated controls closely 
matched the estimated curve for AMD indicating that removal of AMD from the flow through 
solution in subsequent tests was microbially-mediated. A calibration curve of HPLC peak area 
for varying AMD concentration in M l-SARI flow through solution (Fig. 7) resulted in an r  ^value 
close to unity. A detection limit for AMD in the Ml-SARI solution was calculated to be 25 ppb.
Repacked column test: sand 
Shown by the data in Figures 8  through 1 2 , all sand column tests resulted in 100% 
degradation of 1 ppm AMD-N from the continuous inflow solution regardless of competing 
nitrogen substrates. Each test displayed similar AMD breakthrough curve patterns with
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FIG. 7. Calibration curve of AMD in M1-SAR1 flow through solution.
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FIG. 8 . Sand soil column control that was not inoculated with the test isolate culture. 
Fractions of flow through solution containing 5 ppm AMD (1 ppm AMD-N) were collected for 
1 0  pore volumes.
38
o
5
1.0
0.9
0.8
0.7
0,6
0.5
0.4
0.3
0.2 • AMD
—  E s tim a te d  A M D , 
no de g rada tion
0.1
0.0
2.01.0 3.0 4.0 6.0 7.0 8.0 10.00.0 5.0 9.0
Pore volume
FIG. 9. Sand soi! column inoculated with experienced test isolate culture. Flow through 
solution contained 1 ppm AMD-N as the sole nitrogen source.
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FIG. 10. Sand soil column inoculated with experienced test isolate culture. Flow through 
solution contained 1 ppm each AMD-N, NO^ -N, and NH'*+-N.
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FIG. 11. Sand soil column inoculated with naïve test isolate culture. Flow through solution 
contained 1 ppm AMD-N as the sole nitrogen source.
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FIG. 12. Sand soil column inoculated with naïve test isolate culture. Flow through solution 
contained 1 ppm each AMD-N, NO^ -N, and NH4+-N.
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maximum AMD concentration detected after approximateiy 2 pore volumes followed by complete 
degradation throughout the final 8  pore volumes. The maximum AMD concentration of 1.69 ppm 
was detected in the column test with an experienced culture and no nitrogen competition.
Repacked column test: loam 
These experiments resulted in at least 95% degradation of AMD with a maximum 
concentration of 1.58 ppm in the test with a naïve culture and AMD as the sole nitrogen source 
as shown in Figures 13 through 17. Regardless of nitrogen competition, naïve cultures in loam 
column tests did not completely remove AMD from the flow through solution resulting in both 
tests with naïve cultures still containing at least 0.18 ppm in the outflow fraction after 1 0  pore 
volumes. Both tests with experienced cultures resulted In complete degradation of AMD after 
approximately 3 pore volumes.
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FIG. 13. Loam soil column control that was not inoculated with the test isolate culture. 
Fractions of flow through solution containing 5 ppm AMD were collected for 10 pore 
volumes.
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FIG. 14. Loam soil column inoculated with experienced test Isolate culture. Flow through 
solution contained Ippm AMD-N as the sole nitrogen source.
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FIG. 15. Loam soil column inoculated with experienced test isolate culture. Flow through 
solution contained 1 ppm each AMD-N, NO^ -N, and NH^+-N.
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FIG. 16. Loam soil column inoculated with naïve test isolate culture. Flow through 
solution contained 1 ppm AMD-N as the sole nitrogen source.
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FIG. 17. Loam soil column inoculated with naïve test isolate culture. Flow through 
solution contained 1 ppm each AMD-N, NO^ -N, and NH'*+-N.
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Repacked column test: AMD degradation analysis 
Previous exposure to AMD seemed to have a greater influence on the AMD half-life than the 
presence of competing nitrogen in the flow through solution. The results of AMD degradation 
and half-life calculated for each column test as calculated by Arrowood (5) are shown in Table 7. 
Data suggest opposing results for degradation of AMD between the two soil types for 
experienced versus naïve cultures. Experienced cultures in the sand columns resulted in a 
longer half-life (3.01 and 2.64 hours) than naïve cultures (1.67 and 1.41 ). The loam test data 
showed that experienced cultures had a shorter half-life (0.9 and 1.02 hours) than naïve cultures 
(2.33 and 3.12 hours).
TABLE 7. Degradation of 5 ppm AMD in bacterial column tests
Maximum AMD Maximum percent tl/2
Test in outflow (ppm) degradation of AMD (hours)
Sand
Experienced 1.69 100.00 3.01
Experienced, N competition 1.28 100.00 2.64
Naïve 1.41 100.00 1.67
Naïve, N competition 0.66 100.00 1.41
Uninoculated control 5.18 15.00 518.05
Loam
Experienced 0.17 100.00 0.90
Experienced, N competition 0.11 100.00 1.02
Naïve 1.58 96.20 2.33
Naïve, N competition 1.27 95.20 3.12
Uninoculated control 5.09 3.10 1237.98
ANOVA (63) were completed by Arrowood (5) to determine the effect of competing nitrogen, 
previous exposure to AMD, and soil type on degradation rate and half-life of AMD. The results 
presented in Table 8 show that the variables of soil type, nitrogen competition and
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TABLE 8. ANOVA to determine effect between individual variables and results in the
repacked column tests.
Variable vs. result F-value
F-Critical
value P-value Effect
Competing nitrogen vs. degradation rate 0.009 6.940 0.926 no
Competing nitrogen vs. half-life 0.012 6.940 0.916 no
Culture type vs. degradation rate 0.730 6.940 0.729 no
Culture type vs. half-life 0.132 6.940 0.426 no
Soil type vs. degradation rate 0.911 6.940 0.377 no
Soil type vs. half -life 0.268 6.940 0.623 no
previous exposure to AMD did not have a statistically significant effect on the degradation rate or 
half-life of AMD.
Repacked column test: nitrogen analysis 
Samples from soil column tests with competing nitrogen in the flow through solution were 
analyzed for nitrate-nitrogen and ammonium-nitrogen degradation in fractions taken from 0,2.5, 
5,7.5 and 10 pore volumes. These data are shown in Figures 18 and 19 for nitrate-nitrogen and 
ammonium-nitrogen concentrations, respectively, with initial concentrations for both at 1 ppm. 
Nitrate-nitrogen was completely removed after 5 pore volumes during each column test, but 
ammonium-nitrogen concentrations were no lower than 0.3 ppm.
Results of nitrate-nitrogen and ammonium-nitrogen content from individual column tests are 
shown in Figures 20 through 23. Column tests with experienced cultures in sand and naïve 
cultures in loam showed an initial decrease then an increase of ammonium-nitrogen during the 
last 5 pore volumes. For both tests resulting in an increase in the ammonium-nitrogen, the final 
fraction of the last pore volume showed ammonium-nitrogen levels the same as initial 1 ppm 
concentration.
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FIG. 18. Nitrate concentration analysis in repacked column test in 
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FIG. 19. Ammonium concentration analysis in repacked column test in 
fractions of the outflow solution
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FIG. 20. Sand soil column with experienced culture; closed square, NH4+-N; 
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FIG. 21. Sand soil column with naïve culture; closed square, NH4+-N; open 
square, NO^ -N.
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FIG. 22. Loam soil column with experienced culture; closed square, NH4+-N; 
open square, NO^ -N.
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FIG. 23. Loam soil column with naïve culture; closed square, NH4+-N; open 
square, NO^ -N.
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Canal soil core column test 
This set of experiments used canal soil core columns collected from sites 200 and Ln67 (two 
from each site) and filter-sterilized canal water used as the flow through solution. Data for the 
AMD calibration curve of HPLG peak area with the r^  value close to unity is shown in Figure 24. 
This test determined that natural canal water did not contain substrates that would interfere with 
AMD HPLC peak analysis above a detection limit of 25 ppb. The calculated slope (y = 1.6719x -  
0.0887) was used to calculate AMD concentration in this set of tests.
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FIG. 24. Calibration curve of AMD in canal water.
The number of microorganisms in soil core samples from sites 200 and Ln67 capable of 
AMD degradation was estimated by single serial dilution cultivation in M1-N- media containing 
AMD as a sole nitrogen source (Table 4). Samples from Ln67 had 10  ^cells/g in soil and 10® 
cells/ml in canal water that were capable of using AMD as their sole nitrogen source. The 
microbial population from site 200 had significantly greater AMD-degrading capacity in soil (10^ 
cells/g) than in water (10^ cells/ml).
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Estimated breakthrough curves for AMD with no degradation were calculated by Arrowood 
(5) with STANMOD software (82) as described for the repacked column experiments. The first 
set of tests included a soil core from each site that received 5 ppm AMD in the flow through 
solution for 10 pore volumes (Fig. 25 and 26). The test for the remaining two soil columns was 
designed to determine degradation of a lower concentration of AMD (1 ppm). Figure 27 shows 
the data for the Ln67 soil column that received 1 ppm AMD for 10 pore volumes. The final test 
with the soil column from site 200 received 1 ppm AMD as well, but was increased to 5 ppm after 
2 pore volumes. This step input of AMD concentration is reflected in Figure 28, which also 
shows that no degradation occurred after 16 pore volumes. The lack of AMD degradation may 
have been due to a storage artifact affecting the viability of the microorganisms as this test was 
conducted 21 days post collection of the soil core.
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FIG. 25. Soil core column from site Ln67 with 5 ppm AMD in filter-sterilized canal 
water for 10 pore volumes.
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FIG. 26. Soil core column from site 200 with 5 ppm AMD in filter-sterilized canal water for 
10 pore volumes.
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FIG. 27. Soil core column from site Ln67 with 1 ppm AMD in filter-sterilized canal water for 
10 pore volumes.
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FIG. 28. Soil core column from site 200 with 1 ppm AMD in filter-sterilized canal water tor 2 
pore volumes and 5 ppm AMD for the final 14 pore volumes.
Canal soil core column test: AMD degradation analysis 
Degradation rates and half-lives of AMD in the column tests are shown in Table 9 with total 
degradation based on percent AMD recovery of the total input. The first set of soil core tests
TABLE 9. AMD percent degradation and halt-lite in canal soil core
column tests
Site
AMD input 
(ppm)
Total percent 
degradation
tl/2
(hours)
Ln67 5 41.50 29.75
200 5 52.40 41.76
Ln67 1 53.50 30.81
200 1 then 5^ 0.00 NA"
M then 5, flow through solution contained 1 ppm in first 2 pore volumes 
after which AMD concentration was increased to 5 ppm tor remaining 8 
pore volumes.
bNA, Not applicable, no degradation was observed
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for Ln67 and 200 resulted in 41.5 and 52.4% degradation, respectively of 5 ppm AMD. Tfie 
second soil core from Ln67 witfi 1 ppm AMD input resulted in 53.5% removal.
In situ AMD degradation bottle test 
Data for the 72-hour in situ bottle test conducted at site 200 in August 2007 are presented in 
Figures 29 through 32. Samples spiked with 5 ppm AMD showed a 44% reduction in water and 
66% reduction in slurry. Spiked samples with 100 ppm AMD resulted in higher overall 
degradation with 99% removal of AMD in water and 78% removal in slurry. The control with 
canal water spiked with 100 ppm AMD was contaminated when the filtering process did not 
sterilize the water and resulted in 58% removal of AMD (data not shown). These results are 
summarized in Table 10.
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FIG. 29. Canal water from site 200 spiked with 5 ppm AMD. Error bars represent 1 
standard deviation, n = 3. Y axis = ratio of initial and final concentration.
53
o
d
1.2 
1.0 
0.8 
0.6 - 
0 . 4  
0.2 
0.0
0  1 2  3
Time post spike (days)
FIG. 30. Canal slurry from site 200 spiked with 5 ppm AMD. Error bars represent 
1 standard deviation, n = 3. Y axis = ratio of initial and final concentration.
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FIG. 31. Canal water from site 200 spiked with 100 ppm AMD. Error bars 
represent 1 standard deviation, n = 3. Y axis = ratio of initial and final concentration.
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FIG. 32. Canal slurry from site 200 spiked with 100 ppm AMD. Error bars 
represent 1 standard deviation, n = 3. Y axis = ratio of initial and final concentration.
TABLE 10. Removal of AMD from in situ bottle test incubated 72 
hours at site 200
AMD spike (ppm) Sample Percent removal
c Water 440
Slurry 66
100
Water 99
Slurry 78
Ex situ AMD and PAM degradation bottle test 
A subsequent bottle test was conducted to replicate results from the initial bottle test while 
amending the experiment to include a sterile control, longer incubation period, a greater range of 
AMD concentrations and inclusion of PAM. The second bottle test was conducted in October 
2007 at site 200 and to replicate the canai conditions for that time of year, spiked samples were
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incubated at 15°C. After 72 hours of no degradation, incubation temperature was raised to 24°C 
to match the conditions of the canai during the previous bottle test in August 2007. The 
temperature increase is noted with an arrow on each graph.
A sterile control was achieved with no degradation of 100 ppm of AMD after 30 days (Fig. 
33). Data from samples with 0.05 ppm and 0.5 ppm AMD are shown in Figures 34 through 37 
and indicate similar degradation with microbes in water samples removing AMD below detection 
(25 ppb) after 12 days and microbes in slurry samples removing the AMD after 7 days.
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FIG. 33. Filter-sterilized canal water from site 200 spiked with 100 ppm AMD. 
Arrow indicates temperature change from 15 to 24°C, n = 3
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FIG. 34. Canal water from site 200 spiked with 0.05 ppm AMD. Arrow indicates 
temperature change from 15 to 24°C, n = 3
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FIG. 35. Canal slurry from site 200 spiked with 0.05 ppm AMD. Arrow indicates 
temperature change from 15 to 24°C, n = 3
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FIG. 36. Canal water from site 200 spiked with 0.5 ppm AMD. Arrow indicates 
temperature change from 15 to 24°C, n = 3
o
o°
0.6
0 . 4
0.2
0.0
3 020 2 5
Time post spike (days)
FIG. 37. Canal slurry from site 200 spiked with 0.5 ppm AMD. Arrow indicates 
temperature change from 15 to 24°C, n = 3
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The results of the initial bottle test indicating ability of microorganisms to remove 100 ppm 
more completely than 5 ppm AMD was not duplicated in these results. Both the water and slurry 
samples spiked with 5 ppm required 12 days to remove the AMD below detection (Fig. 38 and 
39). The results of the 100 ppm-spiked water samples, shown in Figure 40, indicate that AMD 
was also removed below detection in 12 days but the slurry samples with 100 ppm required 20 
days to remove the AMD to below detection level (Fig. 41). A summary of the bottle test results 
indicating incubation time required for removal of the various concentrations AMD to below 
detection is presented in Table 11.
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FIG. 38. Canai water from site 200 spiked with 5 ppm AMD. Arrow indicates 
temperature change from 15 to 24°C, n = 3
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FIG. 39. Canal slurry from site 200 spiked with 5 ppm AMD. Arrow indicates 
temperature change from 15 to 24°C, n = 3
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FIG. 40. Canal water from site 200 spiked with 100 ppm AMD. Arrow indicates 
temperature change from 15 to 24°C, n = 3
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FIG. 41. Canal slurry from site 200 spiked with 100 ppm AMD. Arrow indicates 
temperature change from 15 to 24°G, n = 3
TABLE 11. Removal of AMD from ex situ bottle test with 
______________ samples from site 200.______________
AMD spike
(ppm)
Sample
Time until below 
detection (days)
0.05
Water
Slurry
12
7
0.5
Water
Slurry
12
7
Water
Slurry
12
12
100 Water
Slurry
12
20
A sample set with water and slurry spiked with PAM was completed but two different 
attempts to analyze for PAM degradation failed. A viscometry method using a vibro viscometer 
(A&D Company, Tokyo, Japan) was employed to determine concentration of PAM based on 
varying viscosity. This method was ineffective as the cations present in canal water prevented
61
PAM homogeneity and a calibration curve could not be obtained. A second attempt to quantify 
PAM was made with the N-bromination method (59), but due to flocculation of PAM in the 
samples, a representative sub-sample from the incubated spiked samples could not be collected 
after vigorous mixing. Therefore, the portion of the bottle test experiment for PAM degradation 
could not be analyzed.
Cell count by DAPI stain and flow cytometry 
Total cell counts presented in Table 12 were determined in water samples collected from 
RFHC in October 2007 using two cell count methods, DAPI stain and flow cytometry. Both 
methods gave values of 10  ^cells/ml for each site except for flow cytometry analysis of site 200 
which indicated fewer microorganisms (ICF) than the DAPI count.
TABLE 12. Cell count of total cells in canal water
Site
Cells/ml
DAPI Flow cytometry
1730 3.7x105 1.0x10=
501b 5.6x10= 1.1 X 10=
Ln67 2.9x10= 1.2x10=
200 5.1 x10= 9.7x10'*
Enumeration by dilution to extinction 
Aerobic MPN dilutions
To quantify the number of microorganisms capable of degrading AMD or PAM, media was 
formulated to incorporate the compound of interest as a sole carbon or nitrogen source. MPN 
enumeration is based on turbidity, but dilutions with media containing AMD as a sole carbon or 
nitrogen source did not always confer AMD degradation. This indicates that AMD degradation
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must be confirmed using HPLC rather than using culture turbidity as a positive indicator for AMD 
degradation. Use of PAM as a nutrient source by microorganisms in the media was determined 
indirectly. Inoculated controls containing media lacking PAM or nitrogen resulted in no growth 
suggesting that growth in media with PAM could be used as the sole nitrogen source to support 
growth.
The results of the aerobic dilution series of samples obtained from the RFHC in October 
2007 are shown in Table 13 with data of the initial dilution series after 7 days of growth. Previous 
culture experiments (data not shown) determined that the inoculum (water or soil) contained 
sufficient carbon and nitrogen to support growth resulting in a false-positive for nutrient utilization 
of a specific substrate. Each tube with visible turbidity was transferred into fresh medium to 
confirm that growth was supported by utilization of AMD or PAM as a nutrient source, rather than 
from nutrient carryover from the inoculum. Growth of cultures in fresh medium with AMD or PAM 
confirmed initial enumeration of microorganisms capable of utilization of these substrates as a
TABLE 13. Original MPN data for Rocky Ford Highline Canal samples
1730 501b Ln67 200
Media type Soil Water Soil Water Soil Water Soil Water
R2A 7.4x10= 2.3x10= 4.2x10? 9.4x10= 2.3x10= 2.3x10= 2.3x10= 4.2x10=
M 1-N-w/C^ and N= 2.3x10'* 4.2x10= 9.4x10= 4.2x10'* 2.3x10= 9.4x10= 2.3x10'* 9.4x10=
M1 -N- w/o C or N 2.3x102 0 2.3x102 0 2.3x102 0 2.3x102 0
AMD as N source^ 9.4x103 4.2x10= 2.3x10= 4.2x10= 2,3x10= 4.2x10= 4.2x10= 2.3x10=
AMD as C source 2.3x10= 2.3x10* 2.3x10= 2.3x10* 2.3x10= 2.3x10* 2.3x10= 2.3x10*
PAM as N source'* 2.3x10'* 9.2x102 9.4x10= 4.2x10= 4.2x1 (y* 4.3x102 2.3x10'* 2.3x10=
PAM as C source 2.3x102 0 2.3x102 0 2.3x102 0 2.3x102 0
P = 0.05
=C, final concentration of carbon was 2.5 mM each: sodium formate, sodium lactate, sodium 
acetate and D-glucose.
bN, final concentration of nitrogen was 7 mM NH4NO 3
cAMD, final concentration of AMD as a sole carbon or nitrogen source was 500 ppm (7 mM) 
dPAM, final concentration of PAM as a sole carbon or nitrogen source was 100 ppm
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nitrogen source. Other transferred cultures showed that initial counts of microorganisms capable 
of utilizing AMD or PAM as a carbon source were incorrect.
Initial results in Table 13 indicated that 2.3 x 10^ cells/g of soil from all sample sites grew 
without carbon or nitrogen in the media. No growth occurred in any tubes after the transfer, 
suggesting that presence of carbon-fixing microorganisms was insufficient to account for the 
turbidity. These data suggest that enough nutrients were present in the inoculation of soil to 
result in false positives for growth on AMD or PAM as a substrate, based on turbidity.
The difference in results between Table 13 and 14 reflects nutrient carryover resulting in an 
exaggerated count for microorganisms using AMD as a carbon source. Initially, results in Table 
13 suggested that all samples contained microorganisms capable of using AMD as the sole 
carbon source. HPLC analysis confirmed AMD degradation after growing the transferred the 
cultures, allowing enumeration. Only soil samples from sites 501b and 1730 contained 
microorganisms (2.3 x 10  ^cells/g) that could use AMD as a carbon source.
TABLE 14. MPN data of Rocky Ford Highline Canal samples after transfer to fresh media®
Media type
1730 501b Ln67 200
Soil Water Soil Water Soil Water Soil Water
R2A 7.4x10= 2.3x10= 4.2x10? 9.4x10= 2.3x10= 2.3x10= 2.3x10= 4.2x10=
M 1-N -w /C  and N 2.3x104 4.2x10= 9.4x10= 4.2x104 2.3x10= 9.4x10= 2.3x104 9.4x10=
M1-N-w/o C or N 0 0 0 0 0 0 0 0
AMD as N source 9.4x10= 4.2x10= 2.3x10= 4.2x10= 2.3x10= 4.2x10= 4.2x10= 2.3x10=
AMD as C source 2.3x10= 0 2.3x10= 0 0 0 0 0
PAM as N source 2.3x104 9.2x10= 9.4x10= 4.2x10= 4.2x104 4.3x10= 2.3x104 2.3x10=
PAM as C source 0 0 0 0 0 0 0 0
P = 0.05
^Concentrations of carbon, nitrogen, AMD and PAM in the media were the same as described 
above in Table 13.
Enumeration of microorganisms capable of using PAM as a carbon source was changed after 
incubating the transferred cultures. In the initial results, shown in Table 13, soil from each sampling
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site was calculated to contain 2.3 x 10  ^cells/g. However, when transferred into fresh media, no 
growth was detected, consistent with a lack of microorganisms capable of using PAM as a carbon 
source. Growth of cultures occurred when PAM was present as a sole nitrogen source. Controls 
lacking nitrogen resulted in no growth, supporting the conclusion that PAM was being used as a 
nitrogen substrate by microorganisms.
Anaerobic dilutions
Enumeration of microorganisms capable of growth under various anaerobic conditions was 
determined by single serial dilution (Table 15). The positive growth results were based on visible 
indication of reduced terminal electron acceptors in the medium (i.e. sulfate reduction results in a 
black H2S precipitate).
Anaerobic enrichments 
The enrichment of the first anaerobic dilution tube was tested for AMD degradation 10 
days after inoculation. The enrichments continued to incubate and were retested after two 
months. AMD concentrations are shown in Table 16 for both time points. Negligible removal of 
AMD occurred in all the enrichments after 10 days but after two months, all of the nitrate- 
reducing enrichments with soil had at least 70% removal of AMD. Degradation of 81% of AMD 
occurred in one enrichment with Fe citrate when present as a sole nitrogen source. The same 
media and inoculum that contained AMD as well as competing nitrogen (N H 4N O 3) resulted in 
7.9% degradation after two months. Sulfate- and Fe NTA-reducing enrichments did contain 
microorganisms capable or removing more than 11% of AMD after two months.
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TABLE 15. Anaerobic single dilutions of samples from Rocky Ford Highline Canal 
collected in October 2007 in various media.
1730 501b Ln67 200
Media type® Soil Water Soil Water Soil Water Soil Water
sulfate-reducingb
totak 10® 1Q3 nt' nt 103 1 0 2 10" 10"
AMD as N source'* 102 1Q3 nt nt 105 10" 10" 103
A M D & N H iN O sasN 1Q2 1Q2 nt nt 102 1 0 2 103 1 0 2
source^
Fe NTA-reducing* 102
total 1Q2 1Q3 nt nt 102 1 0 2 103 103
AMD as N source 1Q2 1Q2 nt nt 102 103 103 10*
AMD&NH4N03asN 1Q2 1Q2 nt nt 102 1 0 2 103 10*
source
Fe citrate-reducings
total 1Q3 1Q3 nt nt 103 10" 10" 10"
AMD as N source 1Q2 1Q3 nt nt 103 102 103 103
AM D&N H4N 03asN 1Q2 1Q2 nt nt 102 102 103 102
source
nitrate-reducingh
AMD as N source 1Q2 10* 10" 10* 103 103 103 103
amedia type, all media contained 2.5 mM each sodium formate, sodium lactate and 
sodium acetate
^sulfate-reducing medium, contained 3 mM FeSÜ4
(lotal, contained 7 mM NH4NO 3
dAMD as N source, contained 7 mM AMD-N
®AMD & NH4NO 3 as N source, contained 7 mM NH4NO 3 and 7 mM AMD-N 
*Fe NTA-reducing media, contained 10 mM Fe NT A 
9Fe citrate-reducing media, contained 10 mM Fe citrate 
^nitrate-reducing media, contained 5 mM KNO 3 
'nt, not tested
Isolate collection 
Collection from various enrichments 
A collection of 68 isolates was obtained from MPN dilution plates and enrichments of the first 
and last MPN tubes with growth. This method was employed to allow for more diversity in the 
isolate collection by enabling the capture of numerically abundant microorganisms in the higher 
dilutions regardless of their growth rates. Figure 42 shows the diversity of organisms
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TABLE 16. Anaerobic degradation of AMD enrichments
Media type Site Inoculum Percent removal of AMD
Sulfate-reducing todays 2 months
AMD as N source 1730 0 . 0 1 . 0
Ln67 soil 0 . 5 7 . 3
200 0 . 0 1 . 2
1730 0.9 3 . 4
Ln67 water 2.9 8 . 1
200 3.8 1 1 . 0
AMD & NH4N03as N source 1730 3.6 2 . 5
Ln67 soil 2.7 5 . 1
200 1.7 5 . 0
1730 2.8 0 . 7
Ln67 water 2.3 0 . 0
200 1.5 0 . 0
Iron (Fe NTA)-reduclng
AMD as N source 1730 4.3 3.5
Ln67 soil 5.2 10.4
200 8.2 6.9
1730 5.2 11.6
Ln67 water 1.9 11.1
200 6.4 11.9
AMD & NH4NO3 as N source 1730 1.0 3.6
Ln67 soil 2.1 7.0
200 0.0 6.9
1730 0.0 2.9
Ln67 water 0.0 2.6
200 0.0 1.5
Iron (Fe citrate)-reducing
AMD as N source 1730 12.7 3.9
Ln67 soil 28.2 81.0
200 14.1 8.5
1730 17.4 23.1
Ln67 water 9.4 15.8
200 10.0 21.8
AMD & NH4NO3 as N source 1730 17.1 20.0
Ln67 soil 5.6 7.9
200 16.2 18.3
1730 18.2 21.4
Ln67 water 3.4 24.0
200 6.7 20.3
Nitrate-reducing
AMD as N source 1730 12.9 10.4
Ln67 soil 14.1 74.5
200 23.0 50.0
1730 16.7 85.0
501b water 13.2 84.3
Ln67 23.1 73.2
200 15.6 70.3
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FIG. 42. Spread plates of enricfiments from MPN serial dilutions of soil collected from site 
1730 in medium containing AMD as a sole N source. Enricfiments of tfie first MPN dilution ( IQ -2) 
(A) and last MPN dilution witfi growtfi ( IQ -3) (B) resulted in different colony morpfiology after 
equal incubation time. Spreading on plate B was caused by excess moisture on the media.
from the various enrichments using this method with dilution spread plates of enrichments of 
microorganisms in 1730 soil from the first MPN dilution and the last MPN dilution.
Isolate grouping and identification 
Individual colonies were tested for the ability to use AMD or PAM as a nutrient source. AMD 
degradation was determined using HPLC. After collection of isolates capable of using AMD or 
PAM as a nutrient source, RFLP analysis (described previously) was conducted to group the 
isolates based on restriction digest banding patterns. An electrophoresis gel (Fig. 43) shows the 
discrete banding patterns for the digested 16S rRNA PCR product of each isolate. Other 
considerations made in grouping isolate types were based on the inoculum source and ability of 
the isolate to utilize AMD or PAM as a nutrient source.
A forward read of the 16S rRNA gene sequence from the 9bF primer of all the grouped 
isolates was produced by the Nevada Genomics Center (Reno, NV). Isolate groups were 
confirmed based upon at least 99% identity of 400 base pairs from the forward sequence
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FIG. 43. RFLP banding pattern analysis of isolates. Electrophoresis gel (2% 
agarose) of a combination of Haelll single digest with Haelll and Hha\ double digest 
of 16S rRNA gene PCR product of each isolate.
read. Table 17 presents the data for individual isolates representative of a unique isolate type in 
the collection from RFHC collected in October 2007. Marked locations in the table indicate the 
inoculum source from which microorganisms of the same group were isolated and their ability to 
utilize AMD or PAM as a nutrient source. All of the isolates were capable of using AMD as a 
nitrogen source and of the 15 groups characterized, 10 could use AMD as a carbon source. 
Utilization of PAM was done by 9 of the groups. These data indicate that utilization of one 
substrate did not necessarily confer ability to use the other substrate as a nutrient source. Table 
18 summarizes the phyla of the representative isolate for each group determined by using the 
BLAST algorithm (62). Table 19 presents the data of closest relatives for the fully sequenced 
168 rRNA gene of a representative of each isolate group. All sequences had at least 97% 
identity to a characterized species indicating that no novel species were likely obtained in this 
isolate collection.
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TABLE 17. Source and the ability of isolates within a group to use AMD as a nutrient source 
that resulted in degradation are indicated by marked locations
Source® Nutrient source®
1730 501b Ln67 200 AMD PAM
Isolate^ Soil Water Soil Water Soil Water Soil Water N C N
1 X X X
2 X
3 X X X
+ +
+ - + 
+ + +
4 X X X
5 X X X X
6 X
+ + + 
+ +
+
7 X
8 X
9 X X X
+ + + 
+ - - 
+ +
10 X X
11 X
12 X
+ + + 
+
+ - +
13 X X X
14 X
15 X
+ + + 
+ + + 
+ + +
®Source, inoculum from which isolates within a group were collected. Grouping based on at 
least 99% similarity of 400 base pairs, 
isolate, representative of each isolate group
^Nutrient source, ability for isolates within a group to utilize AMD or PAM as a nutrient source 
based on culture turbidity after 10 days. AMD degradation was confirmed using HPLC.
TABLE 18. Phylum of isolate groups collected from RFHC 
October, 2007
Group Phylum # isolates in each group
1 Alphaproteobacteria 7
2 Alphaproteobacteria 1
3 Gammaproteobacteria 14
4 Gammaproteobacteria 7
5 Betaproteobacteria 10
6 Betaproteobacteria 1
7 Gammaproteobacteria 3
8 Firmicutes 1
9 Gammaproteobacteria 3
10 Gammaproteobacteria 3
11 Alphaproteobacteria 1
12 Gammaproteobacteria 1
13 Gammaproteobacteria 7
14 Gammaproteobacteria 1
15 Gammaproteobacteria 1
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TABLE 19. Closest relatives to each isolate group based on sequence identity determined
by BLAST algorithm
Closest relative Closest characterized relative
Isolate® Identity
Accession
#
percent
identity
Identity Accession
#
percent
Identity
1 Sphingomonas
sp.
DQ202285.1 99 Sphingomonas
yanoikuyae
AF331661.1 99
2 Methylobacterium
sp.
EF126748.1 99 Methylobacterium
extorquens
CP000908.1 99
3 Pseudomonas
sp.
AY456703.1 99 Pseudomonas
grimontii
DQ377750.1 99
4 Pseudomonas
plecoglossicida
DQ140383.1 99 Pseudomonas
piecogiossicida
DQ140383.1 99
5 Uncultured
Delftia
EU341254.1 98 Delftia
acidovorans
EF102823.1 98
6 Delftia sp. EU304256.1 97 Delftia
tsuruhatensis
EU019989.1 .97
7 Gram-negative
bacterium
AY864077.1 99 Enterobacter
cloacae
EF025329.1 98
8 Bacillus subtills EF530208.2 99 Bacillus subtilis EF530208.2 99
9 Pseudomonas
sp.
AM114534.1 99 Pseudomonas
anguiliiseptica
AF439803.1 99
10 Pseudomonas
sp.
DQ453821.1 99 Pseudomonas
fluorescens
AF134705.1 99
11 Agrobacterium
sp.
EF427856.1 99 Agrobacterium
tumefaciens
EU256459.1 99
12 Aeromonas
punctata
AY987725.1 99 Aeromonas
punctata
AY987725.1 99
13 Pseudomonas
sp.
DQ683574.1 99 Pseudomonas
synxantha
AM 157452.1 99
14 Pectobacterium
carotovorum
EF441344.1 99 Pectobacterium
carotovorum
EF441344.1 99
15 Citrobacter sp. AF463533.1 99 Citrobacter
freundii
AB210978.1 99
®Based on the BLAST algorithm
^Listed isolates are a representative of each isolate group.
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Watwood isolates
An isolate collection was archived in July, 1998 from PAM-treated soils at the USDA (United 
States Department of Agriculture) ARS (Agricultural Research Service) Northwest Irrigation and 
Soils Research Laboratory in Kimberly, Idaho. Maribeth Watwood, (Northern Arizona University, 
Department of Biological Sciences) selected isolates based on their ability to utilize PAM as a 
nitrogen source. This collection was sent to our laboratory to aid in methods development and 
comparison with our pure culture collection. In our laboratory, viable isolates were grown with 
either AMD or PAM as a sole nitrogen source in M1-N- medium (Table 4) to determine whether 
PAM utilization correlated with the ability for the microorganisms to use AMD as a nitrogen 
source as well. Degradation of AMD or PAM was not confirmed, but lack of growth in controls 
without nitrogen in the media verified that the isolates were utilizing these compounds as a 
nitrogen substrate. Table 20 presents the data for culture growth with their closest relative 
determined by sequence similarity using the BLAST algorithm (62).
TABLE 20. PAM-utilizing isolates from M. Watwood incubated with AMD or PAM as 
sole nitrogen source. +/- indicates whether turbid growth occurred within 72 hours
Isolate Closest relative® A M D b as 
sole N source
PAM® as 
sole N source
G Pseudomonas grimontii + +
H Pseudomonas grimontii + +
1 Pseudomonas grimontii + +
M Pseudomonas sp. + +
N Rhodococcus erythropoiis + +
Q Arthrobacter boritoierans - +
R Arthrobacter boritoierans - +
S Arthrobacter sp. - +
T Arthrobacter sp. - +
U Arthrobacter sp. - +
Z Rhodococcus erythropoiis + +
AA Rhodococcus erythropoiis + +
^Closest relative, determined by the BLAST alogorithm 
|®AMD, 500 ppm 
aPAM, 100 ppm
72
Phylogenetic analysis
A phylogenetic tree was constructed within the ARB environment using the neighbor-joining 
method with evolutionary distances calculated with the Jukes-Cantor correction. The majority of 
isolates in the tree are the representatives of each isolate group (1-15) described in Tables 17 
through 19. The isolates from Maribeth Watwood (Table 20) and isolates collected from RFHC 
and KID in 2006 are included although the sequence of the 16S rRNA gene for these isolates is 
incomplete (sequenced from the forward read only). The isolates from RFHC and KID in 200 
were selected based on their ability to degrade AMD and use it as a substrate for nitrogen. The 
similarity of these isolates is shown in Figure 42 with the majority belonging to the Proteobacteria 
phylum. Accession numbers for collected isolates are pending.
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FIG. 44. Phylogenetic tree including isolates collected from RFHC in October 2007 (RFHC), 
June 2006 (RFHC-J), September 2006 (RFHC-S), KID in July 2006 (KID) and isolates from M. 
Watwood (W). Phyla include Proteobacteria (a,(3 or y); Firmicutes (F); and Actinobacteria (A).
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CHAPTER 5
DISCUSSION AND RECOMMENDATIONS 
Discussion
This research was conducted as part of a collaborative risk assessment for a temporary 
sealing agent for unlined canals across the western U.S. Fate and transport of valuable PAM 
and the potentially hazardous unpolymerized AMD are critical aspects of the risk assessment. At 
the beginning of this work, it was known that some environmental microorganisms were known to 
be capable of transforming both compounds (5,37,38,43,48-50,70,80), but the relative 
importance of microbial degradation in the environment or even the diversity and abundance of 
PAM/AMD-degrading microorganisms had been little addressed.
As previous studies indicate that environmental AMD-degradation is often mediated by 
ubiquitous and common microorganisms (11,70,72,80), we predicted that AMD-degrading 
microorganisms would be present at relevant concentrations in canal-associated samples. In 
this study, microorganisms in canal water samples were capable of removing 500 ppm AMD 
within 110 hours of incubation (Fig. 6). An exponential decrease in AMD concentration began 
about 9 hours after initiation of the logarithmic phase of culture growth. The lag between 
increase of culture turbidity and decrease in measured AMD content may have been due to 
utilization of nitrogen within the inoculum by the microorganisms, although this was not confirmed 
with nitrogen content analysis. Because this test was conducted with preserved samples (frozen
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in 20% glycerol) viability of the microorganisms may have been compromised resulting in an 
underestimate of AMD degradation under these conditions.
Once confirmation was obtained that microorganisms capable of degrading AMD were 
present in canal samples, their abundance in RFHC water and soil was determined. In this 
study, and as reported by several others (48,49,70,80), PAM could only be utilized as a 
nitrogen source while, AMD could be used as a carbon or nitrogen source by microorganisms.
All sites sampled for this study contained microorganisms with the ability to facilitate AMD 
degradation through its utilization as a nitrogen source. The RFHC was most intensively studied 
and enumeration by dilution indicated relatively abundant (e.g. 10  ^to 10  ^cells/ml) 
microorganisms capable of growth with AMD as a sole N source in water and saturated canal 
bed soil, a result consistent with prior reports (48,49). Microorganisms with the ability to grow 
using AMD as a sole carbon source were much less abundant, being present at 10  ^cells/g in 
only two of the RFHC canal bed soil samples. These data suggest that, while carbon in AMD is 
bioavailable, microorganisms that employ the required pathways for its utilization are relatively 
rare in the environment. Water and soil from all sites contained microorganisms that could use 
PAM as a nitrogen source, supporting previous work that this is mediated by common 
microorganisms (48,49).
Soil column tests with simulated groundwater flow were employed to test theoretical maximal 
AMD degradation rates using a known AMD-degrading test isolate culture obtained during the 
course of this study from the KID. In these tests, a consistent lag of about 1 pore volume 
preceded the onset of rapid AMD degradation, a result suggestive of an inducible process. 
Results of the repacked column tests reported here suggest that previous exposure to AMD, 
thus, induction of required degradation pathways, enhanced degradation capacity (Fig. 14 
through 17). However, ANOVA (Table 8) determined that this enhancement was not statistically
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significant. If AMD degradation is an inducible process, microbial breakdown may be limited in 
the field, as PAM is only sporadically applied and the expectedly brief exposures to AMD may be 
insufficient to trigger specific microbial metabolisms.
As found in the repacked column tests, AMD degradation was not inhibited by the presence 
of competing nitrogen substrates (Table 8). In these experiments, ammonium-nitrogen was 
detectable in the outflow fractions while nitrate-nitrogen was completely removed (Fig. 18 and 
19). The rapid and preferential removal of nitrate over ammonium is consistent with 
denitrification rather than assimilation for biosynthesis. That the test isolate was closely related 
to Pseudomonas putida, a known denitrifier (21), further supports our inference that the nitrate 
was probably consumed catabolically under anaerobic conditions. Although dissolved oxygen in 
the outflow did not drop below 3 ppm throughout the column tests (data not shown), given the 
high cell numbers present (10^2 cells/g), micro-zones of anoxia inside the column would not be 
unexpected. Previous research findings determined that ammonium is a degradation product of 
AMD (70) which may account for the increase in ammonium-nitrogen during the last 5 pore 
volumes of two of the column tests (sand with experienced culture and loam with naïve culture 
shown in Fig. 19). Total ammonium-nitrogen did not exceed 1 ppm in the outflow solution, 
indicating that potential input of ammonium from AMD degradation did not accumulate in the 
column.
In this study, results from the canal soil core column tests showed that natural microbial 
populations at in situ concentrations within canal pore water and soil were capable of removing 
AMD from the flow through solution. The first set of soil cores from sites 200 and Ln67 were 
exposed to 5 ppm AMD for 10 pore volumes and showed 52.4 and 41.5% degradation of AMD, 
respectively. The microorganisms in the second soil core from Ln67 were capable of removing 
53.5% of 1 ppm AMD after exposure for 10 pore volumes. These soil core column tests resulted
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in half-lives of AMD ranging from 29.75 to 41.76 hours. Degradation of AMD did not occur in the 
final soil core from site 200, perhaps an unintended consequence of storage length (21 days) 
prior to the test reducing the viability of the microorganisms.
AMD degradation in canal samples containing natural microbial populations was examined in 
bottle test experiments. Microbial degradation of up to 100 ppm AMD occurred under natural 
canal conditions after 72 hours as shown Figures 29 through 32. Slurry and water samples 
showed a more complete reduction of the 100 ppm than the 5 ppm spiked AMD. Although 
competing substrates did not appear to inhibit AMD degradation in our laboratory experiments, 
potential competing nitrogenous substrates in the canal water at the time were present (0.7 ppm 
nitrate and 0.04 ppm ammonium) as shown in Table 6.
A subsequent longer duration ex situ bottle test was conducted to determine the time 
required for AMD to be removed below detection. Nitrogen-containing compounds in the water 
at the time of this second bottle test were 1.9 ppm nitrate and 0.02 ppm ammonia (Table 6). 
Unlike the in situ bottle test, the ability for microorganisms to more quickly degrade a higher 
concentration of AMD was not replicated. In this experiment, performed in October, 
concentrations of AMD ranging from 0.05 and 5 ppm were completely removed from water and 
slurry samples after 12 days and 100 ppm spiked in water and slurry samples was removed in 12 
and 20 days, respectively. Reduction of AMD concentration occurred within the first 24 hours 
during the in situ bottle test, while decrease of AMD in this ex s/futest generally began after 3 to 
5 days in all samples. The lag in degradation is most likely due to a lower initial incubation 
temperature than the in situ bottle test, which was incubated in the canal at the temperature of 
-24° C in August. During the ex situ experiment, days 0,1 and 2 were kept at the natural canal 
temperature typical for October (15°C). When lack of degradation was observed, the 
temperature was adjusted on day 3 to match the incubation conditions of the previous bottle test
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(24°C). After increasing tfie temperature, tfie degradation rates appeared to follow tfie same 
degradation pattern as in tfie initial bottle test. This result suggests that AMD removal by 
microorganisms is highly temperature-influenced, and that less AMD is removed from the system 
at15°C thanat24°C .
Because PAM would be applied to canal sediment for sealing, AMD and PAM will potentially 
exist in an anaerobic environment. There are few publications exploring PAM nutrient utilization 
and no known publications for AMD degradation under anaerobic conditions (37,43). In this 
study, AMD was not removed equally under nitrate-, sulfate- and iron-reducing condition 
enrichments, but it did occur. Nitrate-reducing enrichments of water samples from RFHC 
resulted in 70.3 to 85% reduction of 500 ppm AMD after two months. Up to 11% removal of 
AMD occurred in enrichments for sulfate-reducers after the same incubation time. An iron- 
reducing enrichment removed 81% of 500 ppm AMD, although when competing nitrogen was 
present, microorganisms from the same inoculum only removed 7.9% of the AMD. This data 
suggests that the previous results of AMD degradation occurring independent of competitive 
nitrogen substrates, in the repacked column tests, cannot be applied to all conditions. These 
results also indicate that nitrate-reducers and some sulfate or iron-reducers may play a role in 
removing AMD from anaerobic environments.
Previous work identified several isolates in the Actinobacteria and Proteobacteria phyla 
capable of degrading AMD or PAM during use as a nutrient source (67,70,80). In this study, we 
likewise obtained a variety of microorganisms capable of degrading AMD or utilizing PAM as 
nitrogen sources. Phylogenetic analysis of our collection revealed they were closely related to 
previously characterized organisms and belonged to Actinobacteria, Proteobacteria and 
Firmicutes phyla (Table 19). A collection of isolates archived by Watwood (described previously 
in this study) included isolates that were also in the Actinobaceria and Proteobacteria phyla
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(Table 20). Similarity between the two collections (from this study and from Watwood) is striking 
(Fig. 44), especially when one considers that the collections derive from different times, different 
labs, and very different habitats. This result is consistent with the utilization of AMD and PAM as 
a nutrient source being confined to a relatively restricted range of common microorganisms.
This study has been part of a collaborative research effort to address fate of AMD in a canal 
system to constrain potential toxicological risk of PAM applications. Our multi-disciplinary 
investigation explored routes of removal from a canal through sorption and degradation (biotic 
and abiotic) (101). Previous work conducted by Arrowood (5) showed that sorption of AMD onto 
sediments is negligible and therefore, removal of AMD from these environmental systems 
requires degradation via abiotic and/or biotic mechanisms. This research has illustrated the 
potential importance of microbially-mediated processes in the natural degradation of AMD. Data 
from these experiments reveals that utilization of PAM as a nutrient and microbial degradation of 
AMD is mediated by a limited variety of common environmental microorganisms, especially 
within the genera Proteobacteria and Actinobacteria. Understanding the microbial interaction 
with PAM and AMD will provide a foundation for continued research to inform the development of 
PAM-application protocols. Although the focus of this work was specific to a canal system in 
Rocky Ford, CO, methods used in this study are applicable for predictive risk analysis of PAM 
applications in other water conservation efforts.
Recommendations
The lack of an appropriate method to quantify PAM in this study prevented confirmation of 
whether microbial utilization of PAM as a nitrogen source resulted in degradation. Further 
research into pathways for microbial degradation would allow greater insight into the 
environmental fate and efficacy of PAM applications. From the perspective of actual field
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conditions, this research was conducted with relatively high concentrations of AMD that would 
not occur with standard PAM applications, as observed in collaborative studies (100). Future 
experiments should be done at lower concentrations to better predict degradation patterns of 
AMD by microorganism under feasible natural conditions. In addition, a portion of work in this 
study addressed AMD fate under anaerobic conditions. Whereas, this work determined that 
nitrate-, sulfate- and iron-reducers may play a role in removal of AMD from anaerobic 
environments, no isolates were collected. Characterization of an overview of microorganisms 
with varying physiotypes would result in a more comprehensive understanding of the fate of PAM 
and AMD in a canal system.
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